Sesquiterpenes and sesquiterpene lactones are major natural compounds found in linear and capitate glandular trichomes of sunflower, Helianthus annuus L. In addition to two recently identified germacrene A synthases HaGAS1 and HaGAS2, found in capitate trichome gland cells, reverse transcription-PCR experiments have now allowed identification of a third enzyme of this type, HaGAS3. Its cDNA sequence was established and its functional characterization as a germacrene A synthase was achieved through in vitro expression in engineered yeast, and by GC-MS experiments. PCR and RT-PCR experiments with cDNA from different plant organs revealed that the new enzyme is expressed independently from the other two. While these latter two were expressed in plant organs bearing capitate glandular trichomes and in roots, the new enzyme occurred in plant tissues not linked to the presence of specific trichomes (for example, cotyledons), and was absent in roots. The experiments show that independently regulated pathways for the first cyclic sesquiterpene, germacrene A, are present in sunflower.
Asteraceae produce an overwhelming diversity of terpenoids among which diterpenes, sesquiterpenes (ST) and particularly sesquiterpene lactones (STL) predominate. The latter two are known from flowering parts and leaves, where they occur as volatiles [1] [2] [3] , are constituents of latex and resin [4] , and represent major compounds of glandular trichome sequestration [5] [6] [7] . The biological function of ST and STL is similarly diverse, but only partly unraveled. While some volatile ST are known to act as signals for insects as attractants [8, 9] , the bitter taste of STL confers repellent activity to predators [10] [11] [12] . Cytotoxicity against microorganisms is an additional effect of STL [13] and hence an important protective function for the plant. While previous studies have often focused on the chemical identification of ST and STL, far less studies have investigated the tissue specific distribution of these metabolites and their diverse functions therein. The identification of glandular trichomes as storage compartments for STLs [14, 15] and STs [6, 16, 17] provided the possibility to link the occurrence of compounds with specified cellular structures and to predict their occurrence in different parts or developmental stages of the plant [1, 7] .
Since molecular genetic tools became available to investigate the ST/STL pathway, synthases, catalyzing the cyclization of farnesyl diphosphate to germacrene A were identified from different Asteraceae species [1, 3, [18] [19] [20] . The expression of a germacrene A synthase has been shown for the first time in cDNA samples of glandular cells of Artemisia annua [18] . More recently, two germacrene A synthases; HaGAS1 and HaGAS2, were isolated from capitate glandular trichomes of Helianthus annuus [1] . Their full genomic sequence was unraveled and their functionality was established through in vitro expression in bacteria and yeast. The size of glands and presentation on leaves and developing flowers allowed, for the first time, a detailed developmental expression study for such enzymes and underlined that sunflower is a predestined model plant for such investigations [1, 17] .
From cDNA comparison of different sunflower tissues it became obvious that some plant parts lack the expression of HaGAS1 and HaGAS2 and that their presence is tightly linked to cells involved in STL synthesis. On the other hand, germacrene A is a common precursor for other terpenoids, such as sesquiterpenes.
Figure 1:
Alignment of sunflower germacrene A synthases 1-3 mRNAs (genbank accession numbers: EU327785, DQ016667, GU176380) and Lactuca sativa germacrene A synthase LsLTC2 mRNA (accession number: AF489965, [3] ). Differences between HaGAS3 and LsLTC2 are indicated by arrowheads. Black: identical amino acids in all sequences; dark grey and light grey: identical amino acids in 2 or 3 nucleotide sequences, respectively.
From sunflower a second type of trichomes, called linear glandular trichomes is known [6] . These tissues are present on the surface of stems and petioles, where capitate glandular trichomes (and the STL biosynthesis) are lacking. This indicated that sunflower should have multiple enzymes to catalyze similar enzymatic reactions in different pathways which may be regulated independently and be tissue specific.
We now report the isolation and characterization of a third germacrene A synthase from cDNA of sunflower and compare the tissue specific expression of the three known enzymes.
Identification and characterization of HaGAS3
Based on DNA sequence comparison of previously identified terpene synthases from various plant species, degenerated primers recognizing conserved sequence elements of the enzymes were used [3] . These primers were employed to screen cDNA samples from sunflower tissue for the presence of expressed putative germacrene A synthases. The use of cDNA gained from epidermal strips of leaf veins bearing linear, but no capitate glandular trichomes, as a template in PCR resulted in the identification of several fragments of putative sunflower sesquiterpene synthase genes. One of these gene fragments was identified as a possibly new germacrene A synthase by comparison of the deduced amino acid sequence with entries in public databases. As this new sunflower enzyme fragment exhibited an unexpected high identity to the germacrene A synthase gene 2 (LsLTC2) from Lactuca sativa [3] the complete sequence was established. The deduced amino acid sequence of the complete open reading frame showed 96 % identity to LsLTC2, with only two different amino acids in all 557 amino acids. On the nucleotide level of the mRNA 98 % identity to LsLTC2 was observed, indicating an overall unexpected and extraordinary conserved gene ( Figure 1 ).
Much lower similarity of 66% and 67 % was found by comparison with the amino acid sequence of two recently described sunflower germacrene A synthases HaGAS1 and HaGAS2 [1] . To confirm the identity of HaGAS3 as a new terpene synthase in sunflower, the genomic DNA sequence of the enzyme was partly amplified and sequenced. This result showed undoubtedly, that the sequence obtained by the sequencing of cDNA was also present in genomic DNA preparations. Up to now no sesquiterpene sequences from two different plant species have been described which showed such a high identity.
The functional characterization of the enzyme as a germacrene A synthase was achieved as previously described for HaGAS1/2 [1] . The sequence of the complete open reading frame was amplified and cloned into the high-copy yeast expression vector pESC-Leu2d [21] . This construct was used to transform EPY300 yeast cells, which were specifically engineered to produce copious amounts of endogenous farnesyldiphosphate (FPP) [21] , as the natural substrate for sesquiterpene synthases. The use of this high-copy vector allowed the cultivation of the yeast strains in non-selective media, which was previously shown to increase the amount of product produced by the transgenic yeast several fold [21] . The yeast culture was overlaid with dodecane to trap volatile terpenes. This overlay was removed after 3-4 days culture, diluted with n-pentane and directly used for gas chromatographic analysis coupled to mass spectrometry. An EPY300 yeast strain transformed with the empty pESC-LEU2d plasmid served as a negative control. An identical yeast strain carrying the HaGAS2 gene was used as a positive control.
GC-MS analysis of the products obtained by the expression of the new enzyme showed a dominant peak of β-elemene, which was present in similar amounts and with an identical retention time in the positive control. β-Elemene is the well known cope-rearrangement product of germacrene A due to the high injection port temperature of the GC. Besides the identical retention times the compounds forming both peaks had identical fragmentation patterns, proving that they were the same. The cope rearrangement is typical for germacrene A [24, 25] and confirmed the identity of the new enzyme as a third germacrene A synthase from sunflower, called HaGAS3 (Genbank accession number: GU176380). A smaller peak of a faster migrating compound was identified as α-selinene by data comparison with reference compounds found in the NIST02 database. This compound is the acid-induced rearrangement product of germacrene A [24] and most likely occurred due to the acidic conditions of the yeast culture medium, which dropped to pH 2-3 during the cultivation over four days. A third and later eluting peak was identified as farnesol, indicating the production of large amounts of FPP in the yeast cells. Again, these results show the great advantage for the functional characterization of sesquiterpene synthases of using a FPP overproducing S. cerevisiae strain rather than the tedious expression of these enzymes in E. coli and subsequent in vitro characterization of the purified enzyme.
Tissue related expression of HaGAS 1-3
Two types of glandular trichomes involved in the sequestration of terpenoids can be found in sunflower. The capitate glandular trichomes (CGT), which sequester sesquiterpene lactones [1, 7] and flavonoids [17] into a subcuticular space outside the tip cells, are located on the intercostal area of leaves ( Figure 2 ), on anther appendages of disk flowers and sometimes on ray flowers. On the other hand, linear glandular trichomes (LGT), known to produce bisabolene type sesquiterpenes [6] , are present on the stem, petioles and leaves (particularly on veins), but not on the anthers. Their secretion products are stored inside the apical cells (Figure 3 C-D). Within these highly specialized tissue types, sesquiterpenes were found, and the expression of sesquiterpene synthase genes directly within the stalk cells was demonstrated [1, 18, 26] .
To trace the expression of the three identified sunflower germacrene A synthase genes in different plant organs and tissues, specific primers for HaGAS3 were employed. The study demonstrated a distinctive 1). HaGAS1/2 was found to be expressed in capitate glandular trichomes and, to a minor degree, in roots. As a consequence, the presence on leaves and flowering parts was linked to the occurrence of biosynthetically active capitate glandular trichomes, whereas no expression was found in stem and cotyledons, as well as in samples from leaf petioles and leaf veins, which lacked this type of trichome (data not shown). The occurrence of HaGAS1/2 in roots could be indicative that these enzymes are involved in synthesis of yet unidentified terpenoids which we detected in root hairs of sunflower through Nadi staining [27] (data not shown). In contrast, HaGAS3 showed a completely different distribution. It was absent in roots, but occurred in the stem, flower head and epidermal tissue of leaf veins and petioles. However, participation of HaGAS3 in the synthesis of bisabolenes in the linear glandular trichomes [6] located on these organs is unlikely, because these compounds are assumed to be synthesized by specialized bisabolene synthases [28] . The expression of HaGAS3 in trichome-less cotyledons shows, that the enzyme is obviously involved in other terpenoid pathways which require germacrene A as substrate for the enzymatic biosynthesis of yet unidentified sesquiterpenes or sesquiterpene lactones in sunflower.
Moreover, the lack of HaGAS expression in about half of the linear trichome samples raised questions as to whether the mechanical preparation by means of tweezers was selective enough to avoid contamination with other cells. The expression of HaGAS3 in trichome-free cotyledons and in petiole and leaf vein tissue that had been pealed before RNA extraction in order to remove glandular trichomes (data not shown), indicated that the enzyme is obviously involved in trichome-independent terpenoid pathways.
The unusual sequence similarity of HaGAS3 with the sequence of LsLTC2 from L. sativa [3] supports the assumption that both enzymes are part of a highly conserved terpenoid pathway in Asteraceae which evolved independently from the specialized formation of STL in glandular trichomes. As HaGAS1 and 2 are involved in biosynthesis of STL of the germacranolide type, it can be speculated that HaGAS3 is part of a pathway leading to STL with a different type of backbone like, for example guaianolides, in which the highly similar LsLTC2 from lettuce is involved.
To unravel the phylogenetic history of the germacrene A synthases in sunflower, more of these enzymes from different plant species has to be isolated and compared with respect to their nucleotide and amino acid sequences and their distinct function in specific biosynthetic pathways. For light and fluorescence microscopy, samples were examined in water. Micrographs were taken with a digital camera (Canon PowerShot A640) connected to a Axioplan microscope (Zeiss).
Experimental

RNA extraction, cDNA synthesis:
For total RNA extraction, fresh plant material was frozen in liquid nitrogen and ground using mortar and pestle. Then 200 µL ice-chilled RNA extraction buffer (Aurum total RNA isolation Kit, Biorad, Munich, Germany) was added. A mixermill (MM20, Retsch, Haan, Germany) was used for further cell disruption (16 Hz, 1 min) with 2 ceramic beads (2.8 mm diameter, Precellys, Peqlab, Erlangen, Germany). After cell disruption, an additional 500 μL lysis buffer was added. All subsequent steps were carried out as described in the manual.
For RNA extraction from selectively isolated linear trichomes, this tissue type was mechanically isolated using a binocular microscope and tweezers. The fresh tissue was transferred directly into 200 µL of ice-cold RNA extraction buffer. RNA extraction was done as described above. Capitate glandular trichomes were isolated as previously described [1, 17] .
For routine PCR, cDNA was synthesized from total RNA using the RevertAid First Strand cDNA Synthesis Kits (Fermentas, St. Leon-Rot, Germany) with VNdT 18 primer following the recommendations of the manufacturer of the kit.
Identification and sequencing of HaGAS3: For identification of sesquiterpene synthase genes by PCR, degenerated primers were used to obtain fragments of sunflower sesquiterpene synthases (forward primer, 5'-GAY GAR AAY GGI AAR TTY AAR GA-3', and reverse primer, 5'-CCR TAI GCR TCR AAI GTR TCR TC-3' [43]). PCR was performed in a total volume of 25 μL containing 1 μmol of the two primers, 0.25 μmol dNTPs, 1 unit of Taq DNA Polymerase (Fermentas, St. Leon-Roth, Germany) and 2 μL of cDNA. The PCR reaction was performed on a Mastercycler Gradient (Eppendorf, Hamburg, Germany) using phusion polymerase (New England Biolabs, Ipswich, USA) with 2 min initial denaturation (98°C), followed by a touch down PCR program of 9 cycles. Each cycle started with 20 s denaturation (98°C) and 20 s annealing with an initial temperature of 58°C. The annealing temperature was lowered with every cycle by 1°C, and elongation was held constant for 1 min at 72°C. Following these first rounds of amplification, another 40 cycles was followed by 20 s denaturation (98°C), 20s annealing (50°C) and 1 min elongation (72°C). The final elongation was held for 6 min at 72°C. Agarose gel electrophoresis showed a strong band with a length of approximately 1100 bp. This PCR product was gelpurified using illustra GFX PCR Gel Band Purification Kit (GE Healthcare GmbH, Munich, Germany) and cloned into the pSC-A plasmid by UA-cloning, following the instructions of the StrataClone PCR Cloning Kit (Stratagene Inc., La Jolla, USA). Both strands of the fragments were sequenced.
To obtain full length sequences of HaGAS3, the complete open reading frame was amplified using the forward primer 5'-ATG GCA GCA GTT GAC ACT-3' and the reverse primer 5'-TTA CAT GGA TAC AGA ACC AAC-3'; the sequence of both was derived from the mRNA sequence of the ORF of Lactuca sativa LsLTC2 (Genbank accession number: AF489965). The reaction was carried out in a thermocycler with 5 min initial denaturation (94°C), 5 min of annealing at 49°C and a first elongation for 40 s at 72°C, followed by 30 cycles with 40 s denaturation (94°C), 1 min annealing (49°C), and 3 min elongation at 72°C. The resulting gene-fragment was cloned into the pSC-B plasmid (Stratagene, La Jolla, USA) following the recommendations of the manual, and both strands were sequenced. Sequence alignments were conducted using Gendoc software.
Semiquantitative RT-PCR:
The cDNAs for RT-PCR were generated as described above. The constitutively expressed ubiquitin mRNA served as the reference transcript. After reverse transcription, each cDNA sample was diluted several fold and used for PCR with the forward primer 5'-CAA AAC CCT AAC CGG AAA GA-3' and the reverse primer 5'-ACG AAG ACG GAG GAC GAG-3' to amplify ubiquitin cDNA. Equal initial cDNA concentrations within different samples were defined by equal amplification intensity for the ubiquitin transcript. PCR-Cycle number for PCR reactions was chosen to be in the linear range. Transcripts for HaGAS1 and HaGAS2 were traced by amplification with the forward primer 5'-TTG AGA TTG AAA GGG GAA AAC-3' and the reverse primer 5'-TGC CAA CAG AGT ATC TAG GTT CA-3'. To determine the expression level of HaGAS3, the forward primer 5'-AGA CAA TAC CTC CGG CGC T-3' and the reverse primer 5'-CTT TGC AAG CTT TAA TAA ACA C-3' were used.
Protein expression in vivo in S. cerevisiae:
For in vivo expression of the sesquiterpene synthases, the ORF of HaGAS3 was cloned into the pESC-Leu2d plasmid [21] . LsLTC2 was amplified by PCR with the forward primer 5'-ACG TGG ATC CAA CAT GGC AGC AGT TGA CAC TAA TG-3' and reverse primer 5'-ACG TGC TAG CTT ACA TGG ATA CAG AAC CAA C-3' introducing BamHI and NheI restriction sites. The reaction was carried out in a thermocycler with 5 min initial denaturation (98°C), followed by 30 cycles with 30 s denaturation (98°C), 40 s annealing (57°C), and 1:20 min elongation at 72°C using phusion polymerase (New England Biolabs). The amplicon was digested with the appropriate restriction enzymes overnight at 37°C, gel purified, and ligated into the pESC-Leu2d plasmid (16 h, 4°C) . For all in vivo expression experiments, EPY300 S. cerevisiae cells were used. These cells were engineered for a high level of FDP production [21, 22] . EPY300 were transformed with purified plasmids following the protocol of Gietz and Woods [23] . For protein expression, 5 mL SC medium (without Met, His, Leu and with 2% glucose supplement) were inoculated from a single colony and grown overnight at 30°C (200 rpm). Culture flasks (250 mL) containing 50 mL YPAD medium (0.2% glucose, 1.8% galactose) supplemented with 1 mM methionine were inoculated with 1 mL of an overnight culture and overlaid with 5 mL of dodecane (Sigma-Aldrich GmbH, München, Germany). After 3-4 days incubation at 30°C (200 rpm), the cultures were transferred to 50 mL falcon tubes and centrifuged at 9,000 g (5 min). The dodecane overlay was carefully removed, diluted 1:100 with ethyl acetate and used directly for GC-MS analyses.
Identification of products of enzyme expression in S. cerevisiae: GC-MS analyses of terpenes produced by recombinant enzyme in S. cerevisiae were performed on an Agilent (Waldbronn, Germany) 6890 gas chromatography system coupled to an Agilent 5973 mass spectrometer. Samples (2 mL) were injected at an injection port temperature of 250°C and analyzed on a HP-5MS column (30 m × 250 μm i.d. × 0.25 μm film thickness, Agilent). Helium (constant flow rate of 1.2 mL min -1 ) was used as carrier gas. The temperature program was 100°C for 3 min followed by a linear gradient of 10°C min -1 to 210°C and a further gradient of 20°C up to 300°C, which was held for 15 min. Spectra were interpreted from the NIST02 Mass Spectra Library (Wiley & Sons, Mississauga, Canada).
Amplification of genomic sunflower DNA:
To prove the presence of the identified germacrene A synthase gene in the sunflower genome, DNA from H. annuus HA300 was isolated using the GenElute Plant Genomic DNA Miniprep Kit (Sigma-Aldrich, Steinheim, Germany). The HaGAS3 specific forward primer 5'-AGA CAA TAC CTC CGG CGC T-3' and reverse primer 5'-CTT TGC AAG CTT TAA TAA ACA C-3' were used. PCR was undertaken with 3 min initial denaturation (95°C) followed by 40 cycles of 40s denaturation (95°C), 40 s annealing (55°C) and 2 min elongation (72°C) followed by a final elongation of 10 min (72°C) using Taq DNA Polymerase (Fermentas, St-Leon-Rot, Germany).
